There is growing recognition of the need to improve protection against the adverse health effects of hot weather in the context of climate change. We quantify the impact of the Urban Heat Island (UHI) and selected adaptation measures made to dwellings on temperature exposure and mortality in the West Midlands region of the UK. We used 1) building physics models to assess indoor temperatures, initially in the existing housing stock and then following adaptation measures (energy efficiency building fabric upgrades and/or window shutters), of representative dwelling archetypes using data from the English Housing Survey (EHS), and 2) Modelled UHI effect on outdoor temperatures. The ages of residents were combined with evidence on the heat-mortality relationship to estimate mortality risk and to quantify population-level changes in risk following adaptations to reduce summertime heat exposure. Results indicate that the UHI effect accounts for an estimated 21% of mortality. External shutters may reduce heat-related mortality by 30-60% depending on weather conditions, while shutters in conjunction with energy-efficient retrofitting may reduce risk by up to 52%. The use of shutters appears to be one of the most effective measures providing protection against heat-related mortality during periods of high summer temperatures, although their effectiveness may be limited under extreme temperatures. Energy efficiency adaptations to the dwellings and measures to increase green space in the urban environment to combat the UHI effect appear to be less beneficial for reducing heat-related mortality.
INTRODUCTION
The evidence that climate change will increase ambient temperatures in the UK, as elsewhere, has focused attention on how to protect against the health risks of summer heat. In England and Wales, heatwaves in 2003 and 2006 were associated with 2,000 and 680 excess deaths, respectively (Johnson et al., 2005; PHE, 2015) . These will not be exceptional events by mid-century (Murphy et al., 2009) , and potential vulnerability to similar heatwaves is expected to increase as the population ages (Gasparrini et al., 2012; Hajat et al., 2014) .
Among the possible measures to protect against such risks are adaptation of the housing stock to reduce indoor temperatures and actions aimed at reducing the Urban Heat Island (UHI) effect. Indoor heat exposures are likely important, given that the English population is estimated to spend 70% of their time in their own homes, increasing to 82% in the elderly population (ONS, 2005) . As in many temperate regions around the world, buildings in England have not been designed for high outdoor temperatures, and English dwellings vary in their response to high external temperatures (Beizaee et al., 2013; Mavrogianni et al., 2012) with overheating in housing considered a future risk (Vardoulakis et al., 2015) . Potential dwelling adaptation measures to reduce indoor overheating include external shutters, shading, high albedo surfaces, and low-e glazing (Gupta and Gregg, 2013) . In addition, there is a critical need to reduce the carbon emissions of the housing stock through energy-efficient retrofits of existing dwellings, which may impact on dwelling overheating risks (Mavrogianni et al., 2012; . The UHI effect describes the occurrence of higher outdoor temperatures in metropolitan areas compared with those of the surrounding countryside. It is caused by the thermal properties (heat absorption, capacity, conductance and albedo) of the surfaces and materials found in urban landscapes, the reduced evapotranspiration from reduced natural vegetation and increased impervious surfaces, and the waste heat production from anthropogenic activities (Oke, 1982) . Urban land use changes are therefore a primary means for UHI mitigation (Heaviside et al. 2017) .
The relationship between heat and excess mortality in the UK has been derived for different regions (Armstrong et al, 2011) , and age classifications (Gasparrini et al, 2012 ) using a two-day rolling mean maximum outdoor temperature. Hajat et al (2007 Hajat et al ( , 2014 ) also derived regional relationships between excess mortality and heat for England, instead using two-day mean daily outdoor temperature. Estimates of the relationship between indoor temperatures and heat-related mortality in the UK have heretofore relied on the application of the above models to make estimates of indoor temperature exposure. Such studies include , who estimated the spatial variation of summertime mortality across London using building physics-derived indoor temperatures and modelled UHI temperatures; and Liu et al (2017) , who used building physics models and high spatial resolution climate projections to map heat mortality risk across the city of Sheffield under current and future conditions. Similarly, the spatial variation of UHI-related mortality has been estimated using the Hajat model and simulated outdoor temperatures for the West Midlands by Heaviside et al (2016) .
The impact that housing heat adaptation, energy efficient retrofit, and the UHI may have on temperature exposure and mortality risk remains a focus of continuing research. In this paper, we use modelling methods that draw on current evidence to quantify the potential impact of external shutters, complete energy efficiency retrofit, and the UHI, using the West Midlands region of the UK as the setting. The West Midlands is a region of 5.6 million people (ONS, 2011) comprising the city of Birmingham and the West Midlands conurbation (which includes the city of Wolverhampton and the towns of Dudley, Solihull, Walsall and West Bromwich).
METHODS
The study is based on a set of in silico experiments to estimate the impact on population temperature exposure and subsequent heat-related mortality of:
(1) Energy efficiency upgrades to the entire housing stock, including the installation of floor, roof, and wall insulation, triple glazed windows, and a corresponding increase in air tightness;
(2) The installation of external shutters/shading in the entire stock, assumed to be used in all dwellings between 9 a.m. and 6 p.m. during the summer months; and (3) The UHI effect, estimated by assuming all current built structures (including all buildings, roads and artificial surfaces) are replaced by natural vegetation.
Implementing housing adaptations across the entire stock is ambitious, and are specified to represent the theoretical upper limit of the impacts on temperature exposure and health of these types of intervention. The removal of urban surfaces is an unrealistic adaptation, and would indeed result in a significantly reduced exposed population; therefore, this is presented as an investigation of mortality attributable to the UHI rather than an adaptation. The steps entailed in the quantification of the impact of the adaptation measures are shown schematically in Figure 1 . For the adaptations above, the steps were:
(1) The use of a) building physics simulation studies to generate patterns of indoor temperatures based on different outdoor temperatures for a representative sample of dwellings in the region, or b) regional meteorological models to generate spatial and temporal variations in UHI;
(2) The use of these data to estimate a 'temperature anomaly' for each individual in the West Midlands population to quantify temperature exposure modification. These are defined as a) the difference between the average indoor temperature of an individual's dwelling and the regional populationaverage indoor temperature exposure, or b) the difference between an individual's outdoor temperature exposure and the regional populationaverage outdoor temperature.
(3) The use of published (outdoor) temperature-mortality relationships (Armstrong et al., 2011) -previously used in studies that use modelled indoor temperatures in England Liu et at, 2017) -to quantify the associated impact of summer heat on deaths. Here, it assumes that adaptation-related changes to the temperature anomaly defined in (2) lead to a corresponding shift in personal temperature exposure. 
Modelling indoor temperatures and dwelling type-specific temperature anomaly
Indoor temperatures for each of the 1,558 West Midlands region dwellings included in the statistically-representative 2010-11 English Housing Survey (EHS) (DCLG, 2011) were estimated using a metamodel that predicts (using a limited set of dwelling characteristics) indoor temperatures simulated by the validated building physics model EnergyPlus using detailed dwelling data (Symonds et al., 2016a 1961 to 1990 (1970) , chosen to represent the conditions of a warm, but not extreme, summer under 'base' climatic conditions (Eames et al., 2010) . A neural network metamodel was then developed using the Python tool PyBrain (Schaul et al., 2010) to predict the average of the simulated daily two-day rolling mean maximum living room temperatures (ܶ ௫, ) within incremental ranges of two-day rolling mean maximum outdoor temperatures (ܶ ௫,௨௧ ) for each dwelling type (Symonds et al., 2016a) . The metamodel outputs were then used to estimate the daily ܶ ௫, for each West Midlands dwelling in the EHS for the summer (1 May to 31 August) using the daily ܶ ௫,௨௧ of the base weather file. From this, a dwelling-specific daily temperature anomaly was calculated:
Where ܶ ௫, is the dwelling-specific temperature for a given day, ܶ ௫, is the occupant-weighted mean ܶ ௫, for the region as a whole (calculated using EHS household occupancies and weighting values), and ܶ ௫,௬ represents the building's positive or negative indoor anomaly relative to the regional mean.
These estimates of temperature anomaly were derived for each dwelling assuming no adaptations and then after each of the two forms of adaptation described above: i.e. (1) full energy efficiency retrofit to all dwellings, including cavity and/or internal solid wall insulation, loft and floor insulation, triple glazed windows, and airtightening equivalent to reducing permeability 1 by 5 m 3 /h/m 2 and (2) application of shutters/shading to all dwellings from 9 am to 6 pm. In both 1) and 2), dwellingspecific anomalies were calculated relative to the mean of the un-adapted stock. Active cooling measures such as air conditioning (A/C) or ceiling fans were not considered due to their energy demand, and -in the case of A/C -the assumption that the ideal operation of A/C installed across the stock would reduce heat mortality risk to very low levels.
Further temperature estimates (and hence classifications of the temperature anomaly) were carried out using the metamodel outputs as well as (1) the population-weighted average of modelled weather data from the heatwave 2 of 1-10 August 2003, taken to represent an extreme summer of the 'current' climate (see below), and (2) future weather data derived using UKCP09 representing a typical summer (1 May to 31 August) in each of the years 2030, 2050, 2080 (medium emissions, 90% probability) (Eames et al., 2010) . This provided a range of estimates from 'warm' to 'extreme' summer scenarios.
Urban heat island (UHI) temperature increments
The regional meteorological modelling of the UHI is described in Heaviside et al (2015) . Briefly, to estimate the effect of the UHI on outdoor temperatures we used the Weather Research and Forecasting (WRF, version 3.6.1) meteorological model (Chen et al., 2011) to simulate hourly ambient air temperatures at a height of 2 metres above ground, with a spatial resolution of 1 km x 1 km across the West Midlands. The model includes a detailed land surface scheme, and representation of urban structures' influence on air flow and energy fluxes within the urban canopy (Martilli et al., 2002) . This modelled data was used to calculate daily ܶ ௫,௨௧ across the West Midlands region for the 2003 heatwave (1-10 August) under two scenarios: 1) a model that included detailed urban land use and building geometry data for the region, and 2) a model in which urban surfaces were removed and replaced by natural vegetation (grassland and pasture). The temperature difference between these two simulations (with and without urban surfaces) allows an estimation of the UHI intensity across the region. This data has been used previously to calculate the total UHI-attributable mortality using a different heat-mortality model and associated heat-risk coefficients, and underlying population data .
In this study, ArcGIS (ESRI, 2013) was used to overlay the WRF model outputs with 2001 Census Output Area (OA) (ONS, 2001 ) population age and gender data, which is the population data that best corresponds to the 2010-2011 EHS and the 2003 heatwave. Using equation 1 as a basis, an OA-specific daily UHI temperature anomaly was estimated as the difference between the ܶ ௫,௨௧ of an OA and the Census population-weighted regional mean ܶ ௫,௨௧ for both scenarios. As with buildings, anomalies with urban surfaces removed were calculated relative to unadapted population-weighted means.
Mortality Calculations
Calculations of heat-related mortality were based on published region-specific temperature-mortality functions for the West Midlands (Armstrong et al., 2011) . These functions represent the relationship between ܶ ௫,௨௧ and mortality. Heatrelated mortality calculations were carried out separately for dwelling and UHI scenarios following the method described in under the assumption that the temperature-mortality relationship is the same for indoor temperatures as it is for outdoor temperatures.
For the residents in each dwelling type, temperature exposure was taken to be the outdoor temperature modified by the dwelling-specific temperature anomaly:
where ܶ ௫, is the daily temperature exposure for a dwelling occupant p. An assumption of these calculations, therefore, is that the dwelling specific temperature anomaly (which has mean of zero for the un-adapted stock) reflects dwelling-todwelling (and household-to-household) variation in temperature exposure about the regional average. For the UHI, ܶ ௫, was taken to be the population-weighted average outdoor temperature (ܶ ௫,௨௧ ) plus the OA-specific temperature anomaly.
For the calculations of mortality risk, we used underlying age-specific all-cause mortality rates for 2012 obtained from the Office for National Statistics (ONS)(2013), adjusted for seasonality to yield a daily average death rate for the summer months (May to August) ( Table 2) . We then used age-specific temperature-mortality coefficients, derived by adjusting the all-ages coefficient for the West Midlands (2.20% per °C) (Armstrong et al, 2011) in proportion to the age-specific (0-64, 65-74, 75-84, 85+) relative risks for England and Wales that were estimated by Gasparrini et al (2012) using the same method as the aforementioned Armstrong study (Table 2) . For a given day, the excess mortality for person p of age i was calculated as:
where ܴܴ is the age-specific relative risk for a 1 degree Celsius increase in temperature above the region-specific heat threshold (ܶ ௧ ), and ‫ܯ‬ is age-specific background mortality rate for the summer period. In the West Midlands, ܶ ௧ occurs at the 93 rd percentile ܶ ௫,௨௧ , or 23.0 °C (Armstrong et al, 2011) .
Daily mortality risk for each dwelling occupant was summed over the modelled period and across all households using household weighting values to yield regional total mortality estimates. Calculations were repeated for each climate and adaptation scenario. As future scenarios are modelled without demographic or housing stock changes, they represent projections of temperature exposures under increasingly hot summers rather than predictions of future mortality. For the UHI, mortality calculations were summed over the 10-day hot spell and contrasted with dwelling occupant risk over the same period.
RESULTS

Population temperature exposures and heat mortality
Distributions of estimated temperatures and heat-related mortality impacts with and without heat or energy efficiency adaptation measures are summarized in Table 3 (current climate warm summer) and Table 4 (2003 10-day heat wave).
Current climate warm summer
• No adaptation shows a regional mean temperature anomaly of zero -by definition -with anomalies of the individual dwelling in the housing stock ranging from -2.9°C to +4°C at outdoor temperatures above ܶ ௧ .
• There is a small increase in mean anomaly with retrofit (0.26°C) and hence in the distribution of ܶ ௫, . There is also a small increase in the frequency of ܶ ௫, exceedance of the regional mortality threshold, ܶ ௧ .
• There was a much larger protective shift with installation of shutters, with a decrease of mean anomaly of -1.8°C and a decrease in the number of days ܶ ௫, exceeds ܶ ௧ .
• Shutters maintained their protective effect when used in conjunction with energy efficient retrofits.
• The effect of adaptations on the number and percent of deaths attributable to heat mirror the patterns of temperature shift, with full retrofit leading to a mortality increase of 14%, shutters leading to a decrease of 60%, and combined retrofit and shutters decreasing mortality by 52%.
• Though the 2003 example is an unusual event, for the West Midlands region under the current climate, temperatures were not extreme.
• The heatwave lasted only 10 days, during which only the last 7 (70%) consecutive days had outdoor temperatures that exceeded ܶ ௧ .
• Again, there were small positive shifts in mean anomaly with retrofit (0.4°C) and hence in the distribution of ܶ ௫, .
• There was a protective shift with external shutters (-0.9°C), although the protective effect was less than under the current warm summer scenario.
• There was a relatively large shift in anomaly attributable to the UHI (1.0°C).
While removal of all urban surfaces is unrealistic, modest changes to urban greening -such as an increase in green roofs, lower albedo pavements, and green infrastructure development -would be achievable in practice and the impact in personal temperature exposure and mortality risk correspondingly smaller.
• The effect of building adaptations on the number and percent of deaths attributable to heat mirror the patterns of temperature shift, with retrofit increasing mortality (1%) and shutters decreasing mortality (30%). While the UHI resulted in the largest shift in mean anomaly, it did not have a correspondingly large impact on mortality (21%) as the largest changes in temperature exposure occurred in locations with lower populations of the vulnerable elderly. 
Temperatures and heat mortality under future climates
The effectiveness (and limits to the effectiveness) of the most protective adaptation measures, use of shutters and shading, under future climate change is explored in Figure 2 .
• Figure 2A shows the personal temperature distributions (ܶ ௫, ) for the current climate and 2030, 2050 and 2080 climates assuming a medium emissions scenario and a 90% probability of occurring relative to ܶ ௧ (dotted line).
• Figure 2B shows the corresponding impact on mortality with and without adaptation under the increasing temperatures of the climate scenarios.
At moderate temperatures, shutters are most effective at reducing mortality due to the potential to reduce ܶ ௫, below the regional mortality threshold, while energy efficient retrofits demonstrate an opposite effect. The protective (shutters) and adverse (retrofit) effects on heat mortality are reduced under hotter climates due to this threshold effect, with temperatures exceeding the regional mortality threshold more frequently and by a larger margin. While the effectiveness of shutters under increasing outdoor temperatures is reduced, the installation of shutters is still projected to reduce typical summertime mortality by 37.8% (177 individuals), 34.6% (221 individuals), and 29.3% (285 individuals) in climates representative of 2030, 2050, and 2080, respectively. The UHI is presented as mortality without urban surfaces under increasing population-weighted average ܶ ௫, ; the irregular scattering represents the spatial variation in daily ܶ ௫, over OAs with a distribution of population sizes and age profiles. 
DISCUSSION
This paper provides new insights into the theoretical impacts of housing adaptations and the UHI on heat exposure and the risk of heat-related mortality. Of the scenarios modelled, shutters have the greatest potential to reduce mortality under moderate and increasing outdoor temperatures due to the reduction in both temperature exposure and the frequency with which the regional mortality threshold is exceeded.
Complete energy efficient adaptation of the stock -including wall, roof, and floor insulation, triple glazed windows, and air-tightening were found to slightly increase mortality risk due to small increases in personal temperature exposures and the number of days on which the mortality threshold was exceeded. This was largely due to the installation of internal solid wall insulation and air-tightening, which may act to increase indoor temperatures . In this study, solid walls were provided internal wall insulation in order to show a 'worst-case scenario' for retrofit overheating, however external wall insulation would likely offer the same energy benefits with a reduced risk of heat exposure. The small increase in summertime mortality post-adaptation is likely to be more than offset by a significant reduction in wintertime cold-related mortality due to warmer housing. Energy-efficient retrofits, when used in conjunction with shutters, offered the advantage of a reduction in both heat mortality risk as well as any anticipated reduction in building energy use. As we do not model demographic changes, changes to the housing stock, or potential population adaptation to heat, we do not presume to present a realistic prediction of mortality under future climates, but rather a projection of mortality under increasingly hot summers that are useful for quantifying hypothetical climate change impacts under these simplified scenarios.
The overall impact of the UHI on mortality was less than the potential reduction in mortality risk from building interventions, despite the UHI having a greater impact on population average ܶ ௫, . This may be due to spatial effects, where the largest reductions in ܶ ௫, from the removal of urban surfaces occurred in urban areas with younger populations, while smaller reductions were seen in rural or suburban areas with relatively higher numbers of elderly residents. This indicates an advantage of shutters over UHI mitigation, as shutters may be installed as a targeted intervention for the most heat-vulnerable. The mortality calculations for the UHI differ significantly from those derived by Heaviside et al (2016) , who using similar simulations estimated that the UHI effect was responsible for around 50% of the total heat related mortality for this region and period. Heaviside et al used a different heat mortality model based on mean temperature, with different temperature metrics (two-day rolling mean) and associated heat-risk coefficients, and with a lower threshold temperature of 17.7°C. Differences may also be attributed to the underlying population data used in the studies that had different spatial resolutions, and the fact that Heaviside et al. did not include age specific mortality calculations. Future work should investigate the sensitivity of mortality estimates to the underlying mortality models, data inputs, and assumptions.
Both dwelling and UHI mortality calculations assume ܶ ௫, exposure at home. While many will be out during the day, mortality is dominated by deaths among the more vulnerable groups, who are more likely to spend the day at home. The modelled adaptations would be difficult to implement across the entirety of the housing stock, and represent the theoretical maximum impact on temperature exposure and health of these interventions. Targeted interventions, for example installing shutters in dwellings inhabited by the most heat-vulnerable (for example nursing homes), may be a more realistic method of reducing heat-related mortality. Similarly, changes in building regulations should require that energy efficient retrofit should be combined with shading or passive cooling strategies in order to reduce overheating risk. Other passive housing adaptations adopted from warmer climates, such as cool roofs and low-emissivity glazing, have not been modelled here but should be assessed in future studies, as well as the practical limitations of various adaptations. Active adaptations, such as A/C, have the potential to greatly reduce risk, but should be discouraged due to high energy use. Reductions in UHI may be achieved through localised land use changes, for example greening, but are more difficult to target at the most heat-vulnerable, and may require more aggressive planning strategies.
The protective effect of shutters decreased at increasing outdoor temperatures, but still offered an appreciable reduction in risk. Nonetheless, long-term adaptations to buildings and land use to reduce temperature exposures need to be done in conjunction with other short-term measures to reduce exposure, such as providing hot weather advice and arranging cooling centres, or air-conditioned buildings, where vulnerable members of the public may gather during hot weather. Cooling retreats -such as rooms in houses or multi-dwelling buildings with A/C may also reduce risk, albeit with an increased energy expenditure. While the impacts of shutters and UHI have been modelled independently due to the lack of spatial data in the EHS, they are not mutually exclusive and when applied in concert may provide significant reduction in heat exposure and subsequent mortality. The results described here may provide insight into passive adaptation to heat beyond the West Midlands to other temperate regions with similar housing stocks, supported by the wide availability of temperature-mortality models for different regions worldwide (e.g. Gasparrini et al, 2015) .
As with any modelling study there are various uncertainties with the model results.
The building simulations were implemented using a range of assumptions about personal behaviour (e.g. in relation to occupancy patterns and window opening), which could be important modifiers of indoor temperatures and personal exposures. The modelled indoor temperatures have been shown to be in broad agreement with a large dataset of monitored indoor temperature data (Symonds et al, 2016b) , with dwelling variants such as top-floor flats and those with higher levels of insulation typically showing higher indoor temperatures. There is currently a lack of monitored temperature data on shuttered UK housing, however the effectiveness of shutters in reducing temperature exposure are in line with those modelled in earlier studies (Gupta and Gregg, 2012; Porritt et al, 2012) .
Calculations of heat-related mortality risk were based on the exposure-response functions derived from studies of mortality in relation to outdoor temperature. It is an assumption that the same risk function applies to exposures of individuals in their own homes, but in the absence of direct evidence about the risks of indoor temperature exposures, it seems a reasonable proxy. This assumption does not account for the possibility that people indoors may have a wider range of methods to cope with heat stress, such as removing clothes or taking cold showers. However, even if the shape of the function is not precisely known, risk will be closely related to exposure to high temperatures, and the comparisons of the three sets of adaptation provide fairly clear indication of the approximate magnitude of the temperature changes associated with them.
CONCLUSIONS
This paper has described the application of a heat risk model to the housing stock and population of the West Midlands, UK, and estimated how adaptations to the housing stock may alter the risk of heat-related mortality. Results indicate that installing shutters could reduce summertime heat-related mortality by 30-60% depending on the climate scenario, while complete energy efficient retrofit may increase heat-related mortality risk by 1-14%. Our results show that, of the scenarios modelled here, the UHI is the largest contributor to population average temperature exposure, but not the largest contributor to estimated mortality. Future policies may include the requirement for shutters or external shading in building regulations, and the targeted installation of shutters, particularly in dwellings with vulnerable, elderly occupants.
